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Ethanol Consumption Alters Electroretinograms and
Depletes Neural Tissues of Docosahexaenoic Acid in
Rhesus Monkeys: Nutritional Consequences of a Low

n-3 Fatty Acid Diet

Robert J. Pawlosky, John Bacher, and Norman Salem, Jr

Background: Alcohol amblyopia is a rare neuropathy characterized by the development of blurred vision
and a reduction in visual acuity. Further diagnostic details of this condition have shown abnormalities in the
electroretinogram (ERG) that include an increase in implicit times in the a- and b-waves and a depression
of b-wave amplitude.

Methods: Periodically, the ERGs and the fatty acyl composition of nervous tissue were analyzed from
alcohol-consuming rhesus monkeys (Macaca mulatta) (mean consumption 2.6 g kg/day over a 5-year
period) and controls that were maintained on a nutritionally sufficient diet that had low, yet adequate,
amounts of linoleic acid but very low a-linolenic acid.

Results: Animals consuming alcohol had increased a- and b-wave implicit times and decreased b-wave
amplitudes in their electroretinograms compared with those of the dietary control group at 2.5 and 5 years.
The fatty acyl composition of brain specimens obtained by surgical biopsy at baseline, 2.5 years, and 5 years
demonstrated that docosahexaenoic acid (DHA) had decreased in both groups of animals compared with
baseline values. In the brains of the alcohol-treated animals, DHA was even further decreased (2.5 years:
—20%; 5 years: —33%) compared with the diet controls. In the retinas of the alcohol-consuming animals at
5 years, there was a similar decrease in DHA (-35%) compared with controls. Generally, the n-6 fatty acid,
docosapentaenoic acid (DPAn-6) increased in these tissues, apparently compensating for the loss of DHA.

Conclusions: A reciprocal change in the DHA/DPAn-6 ratio is known to be associated with abnormal
electroretinograms in a number of species. Thus, a marginal intake of n-3 fatty acids in some alcohol
abusers may, in part, be responsible for the biochemical changes that underlie the diminished retinal

function associated with the visual abnormalities observed in alcohol-amblyopic patients.
Key Words: Electroretinogram, Amblyopia, Retina, Brain, Docosahexaenoic Acid.

LCOHOL AMBLYOPIA IS a progressive neuropathy
occurring in chronic alcohol abusers at a frequency of
about 0.5% (Carroll, 1944,1966; Dang, 1981; Victor et al.,
1965). It is characterized by the development of blurred
vision and reduction in visual acuity, which may be accom-
panied by a peripheral neuropathy (Victor et al., 1965).
Although the exact etiology in the development of the
pathology is unknown, a nutrient insufficiency possibly re-
lated to years of alcohol abuse is thought to be a major
factor in the progression of this disorder (Carroll, 1966;
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Dreyfus, 1965; Woon et al., 1995). In a recent Cuban
epidemic, several case studies were described which de-
tailed a similar neuropathy that may have been associated
with high alcohol consumption and poor nutrition (Tucker
et al., 1994).

Further diagnostic details of this syndrome have shown
that alcohol consumption, alone or in combination with
cigarette smoking (tobacco-alcohol amblyopia), frequently
causes abnormalities in the electroretinogram (ERG),
which may partially explain the reduction in visual acuity
(Hennekes, 1982; van Lith and Henkes, 1979; Williams,
1981). Alterations observed in the ERGs usually include an
increase in implicit times in the a- and b-waves and a
depression of b-wave amplitude (Hennekes, 1982; van Lith
and Henkes, 1979; Williams, 1981).

It is also known that chronic exposure to alcohol in utero
can cause alterations in ERGs of children born with fetal
alcohol syndrome (Hug et al., 2000) and in animal models
of fetal alcohol syndrome (Katz and Fox, 1991). When
female hooded-rats had been exposed to alcohol during the
prenatal period, adult offspring were shown to have re-
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duced rhodopsin content in the retina and several visual
abnormalities, which included increases in a- and b-wave
latencies and decreases in b-wave amplitudes. Whether, the
ERG alterations observed here share a common biochem-
ical pathology with the alcohol amblyopic condition is un-
known. However, it is clear that prolonged continuous
exposure to ethanol during fetal development has adverse
affects on the retina that may persist into adulthood (Katz
and Fox, 1991).

The precise nature of the proposed nutritional deficit in
amblyopic patients that elicits biochemical alterations re-
sponsive to the ERG is not well understood (Dang, 1981;
Dreyfus, 1965; Krumsiek et al., 1985a,b; Woon et al., 1995).
Of the several possible nutritional insufficiencies, one pro-
posed hypothesis is that a folic acid and/or a vitamin B12
deficiency may play a central role in the development of
this pathology especially as this relates to the effects of
chronic alcohol consumption on the supply of S-adenosyl-
methionine for neurotransmission processes (Dang, 1981).
However, another plausible explanation that may directly
pertain to the alterations in the ERG is that the function of
the retina may be diminished by chronic exposure to etha-
nol and/or the byproducts of ethanol metabolism (van Lith
and Henkes, 1979). As an example, short-lived free radical
intermediates generated in the metabolism of ethanol via
P-450 2E1 (Hansson et al., 1990; Montoliu et al., 1994;
Nordmann et al., 1992; Upadhya et al., 2000; Warner and
Gustafsson, 1994) can react with highly unsaturated fatty
acids that are enriched in neuronal membranes and thereby
generate lipid peroxide products (e.g., hydroxy-aldehydes)
(He et al., 1998). The reactions of these aldehydes with
other cellular constituents have been shown to alter meta-
bolic processes in neural tissue (Keller et al., 1997; Matt-
son, 1998; Pedersen et al., 1999; Singhal et al., 1999).
Moreover, it has been hypothesized that persistent condi-
tions of oxidative stress due to chronic alcohol exposure can
alter the fatty acyl composition of membrane phospholipids
(Pawlosky et al., 1998; Pawlosky and Salem, 1999). In a
previous study in felines, a 6-month ethanol exposure led to
an increase in lipid peroxidation in the brain (Pawlosky et
al., 1998) and a decrease in the highly unsaturated n-3 fatty
acid, docosahexaenoic acid (DHA), in the brain and the
retina (Pawlosky and Salem, 1995). Low amounts of DHA
in the retina have been shown to have a negative impact on
a- and b-waves of the ERG (Neuringer et al., 1986; Pawlo-
sky et al., 1997a; Uauy et al., 1992). It has been proposed
that for the optimal function of rhodopsin, a high concen-
tration of DHA is required in the outer segments of rod
and cone cells (Litman and Mitchell, 1996) and low
amounts of DHA in these cells impair visual transduction
processes.

Currently, no animal model of alcohol amblyopia has
been identified. In a previous investigation, primates at-
tained moderately high and sustainable blood alcohol con-
centrations (BACs) utilizing a self-select model of alcohol
consumption when offered a palliative artificially sweet-
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Table 1. The Nutrient Content and Fatty Acyl Composition of the Primate Diet

Nutrient g/kg

Casein vitamin-free 176
Corn starch 425
Sucrose 201
Fat’

Olive oil 40

Hydrogenated coconut oil 20
Alphacel non-nutritive bulk 30
Mineral mixture?
Vitamin mixture®
Vitamin E 40 IU/kg
Vitamin C 250 mg/kg

' Fatty acid, weight percent 12:0, 6.2; 14:0, 1.8; 16:0, 18.3; 16:1n7, 0.5; 18:0,
11.8; 18:1n9, 54.4; 18:1n7, 1.0; 18:2n6, 8.4; 18:3n6, 0.4; 18:3n3, 0.5.

2 All values expressed in gm/kg of diet or otherwise noted: calcium, 5; chlo-
rine, 4.6; chromium, 0.5 mg; copper, 3.8 mg; fluorine, 0.5 mg; iodine, 3.6 mg; iron,
0.249; manganese, 0.02; phosphorus, 3.76; potassium, 7.32; selenium, 0.06 mg;
sodium, 3.37; sulfur, 0.67; zinc, 0.02; magnesium, 1.50.

3 All values expressed in gm/kg of diet or otherwise noted: biotin 0.2 mg;
pantothenate, 0.025; choline, 2.5; folic acid 6.35 mg, inositol, 0.52; menadione,
1.5 mg; niacin, 42 mg; pyridoxine, 4.0 mg; riboflavin, 8.0 mg; thiamine, 4.0 mg;
vitamin A, 18000 IU; vitamin D3, 1300 IU, vitamin B12, 0.2 mg; para-
aminobenzoic acid, 0.25.

ened alcohol solution (Pawlosky et al., 1997b; Pawlosky and
Salem, 1999). In the present study, rhesus monkeys (Ma-
caca mulatta) were used to study the effects of prolonged
alcohol exposure on the ERG and lipid composition of
neural tissues. Animals were maintained on a diet that
contained adequate levels of antioxidants and had olive oil
as the source of essential fatty acids (linoleic acid and
a-linolenic acid). One group (n = 5) was given free access
to an artificially sweetened 7%-ethanol solution over a
period of 5 years, the other group (n = 4) served as a
dietary control. Individual alcohol consumption together
with BACs were monitored periodically to assess variations
in ethanol intake. At 2.5 and 5 years, ERGs were obtained
from animals after a brief period of dark adaptation. Brain
specimens were obtained by surgical biopsy prior to begin-
ning the dietary regimen and at 2.5 years. At the end of 5
years, animals were killed, brains and retinas were excised,
and the fatty acyl composition of the tissues analyzed.

MATERIALS AND METHODS

Animal Procedures. Animal procedures were carried out in accordance
with the NIH animal welfare guidelines and the protocol was approved by
the National Institute on Alcoholism Alcohol Abuse Animal Care and Use
Committee. Nine adult male rhesus monkeys (8-16 kg) free of known
pathogens were selected from the facility’s primate colony, housed sepa-
rately, and fasted before experimental procedures were carried out. Ani-
mals were acclimated to a semi-purified diet (Table 1) (Bio-Serv Inc.,
Frenchtown, NJ) and given access to food twice a day. After a month of
dietary equilibration, five animals were given 24-hr access to an artificially-
flavored 7%-ethanol solution sweetened with aspartame each day for 5
years. Peak BACs were determined using an alcohol dehydrogenase kit
(Sigma Chemical Co., St. Louis, MO) for 4 hr following a period of alcohol
consumption. Control animals were maintained on the same diet and
provided with the same amount of food as the alcohol-exposed animals
(540 kcal/day).

Diet. The composition of the experimental diet is given in Table 1. The
fat content (14% of energy) of the diet consisted of a 2:1 ratio of olive
oil/hydrogenated coconut oil and contained no 20- or 22-carbon polyun-
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saturated fatty acids. There were 8.9 g of linoleic acid and 0.5 g of
a-linolenic acid per 100 g of fat. The maximum amount of trans-
unsaturated fatty acids in the hydrogenated coconut oil was less than 1.1%
of the total fat, as determined by gas chromatographic analysis. The
protein (22% of the energy) and carbohydrate (65% of the energy)
content of the diet are also given in Table 1. The levels of vitamin C and
E in the diet were 250 mg/kg and 40 IU/kg, respectively.

Procedures for the ERGs The procedure for obtaining the ERGs in
felines has been reported previously (Pawlosky et al., 1997a) with addi-
tional modifications for similar determinations in primates. Alcohol was
withheld from animals for 24 hr prior to beginning the procedure. Animals
were fasted overnight and anesthetized with an intravenous injection of
(ketamine hydrochloride/acepromazine, 20/2 mg/kg). Animals were
placed on a heating pad and draped to maintain their body core temper-
ature at 37°C. Each animal was dark adapted for a full 10 min prior to
initiating the ERG procedure. Their heads were elevated approximately
15% from the plane of the table and an infant speculum was used to retain
the eyelids. ERGs were obtained when animals were fully anesthetized
without the use of additional pupillary dilation.

A sterile gold-leaf contact lens electrode (ERG-jet, 12-mm diameter,
7.90-mm radius; The Electrode Store, Enumclaw, WA) was placed on the
cornea of the right eye and one or two drops of methyl cellulose were
deposited between the contact lens and cornea to improve electrical
contact. The eye was irrigated regularly with normal saline solution to
prevent edema and a reference electrode (28 gauge x 12-mm long stainless
steel needle electrode) was inserted beneath the skin folds above the left
eyelid. The ERGs were obtained in a room under dim red-light conditions
using a standard digital electrographic BPM-100 (Retinographics Inc.,
Norwalk, CT) with a stimulating flash that was composed of eight red-light
emitting diodes (660 nm, having a half-power beam width of 30°) provid-
ing a total of 16 candela (cd) with full-field luminescence (Hogg, 1991).
The flash duration was 3.5 msec with a 2-sec interval. The light was
positioned exactly 2.5 cm in front of the right eye of each subject, and four
individual recordings were averaged to produce a composite wave-form.
The a- and b- wave implicit times were determined by selecting those
intervals that corresponded to the minimum (a-wave) and maximum
(b-wave) peaks of the waveform. The a-wave amplitude was calculated
from the difference between baseline and a-wave peak minimum (in
uvolts); and b-wave amplitude was calculated from the difference of
a-wave peak minimum and b-wave maximum.

Procedure for Surgical Brain Biopsies

Brain specimens were obtained by biopsy from monkeys at baseline and
2.5 years after commencing the study. Animals were fasted 24 hr prior to
surgery. Ketamine hydrochloride (10 mg/kg intramuscular) and atropine
(0.04 mg/kg intramuscular) were given as preanesthetic agents. An An-
giocath (20 gauge x 1.25 in, Deseret Medical Inc. Sandy, UT) was inserted
into the saphenous or cephalic vein for hydration with sodium chloride
solution (10 ml/kg per hour). The monkeys received Cephazolin sodium
(500 mg intravenous and 500 mg dispersed in intravenous fluids; Ancef,
SmithKline Beecham Pharmaceuticals, Philadelphia, PA) and 44,000
IU/kg intramuscular of a long acting penicillin (AMBI-PEN, G. C. Hen-
ford Mfg. Co., The Butler Co., Columbus, OH). Dexamethasone (0.7
mg/kg intravenous; Phoenix Scientific Inc. St. Joseph, MO) was given to
reduce swelling of the brain. Sodium thiopental (2.5%) (Pentothal, Abbott
Laboratories, North Chicago, IL) was administered intravenously, if
needed, to allow for intubation with a 5-mm endotracheal tube (Mallinck-
odt Critical Care, Glens Falls, NY). Anesthesia was maintained via inha-
lation with Isoflurane (0.5-1.5%) (Aerrane, Anaquest, Madison, WI) and
oxygen at a total flow rate of 2 liters/min during the surgical biopsy of the
brain. The hair was clipped and the monkeys were positioned in a stereo-
taxic unit (David Kopf Instruments, Tujunga, CA) using the eye bars and
mouthpiece to position the head in a horizontal plane. The surgical area
was scrubbed with hexachlorophene foam (Vestal Laboratories, St. Louis,
MO) and then draped for aseptic surgery.
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A 4-5 cm midline incision was made over the frontal and parietal
bones. The periosteum and temporal muscle on either the right or left side
was reflected using a periosteal elevator to expose the cranium. The right
and left sides were alternated for succeeding biopsies. A 5/8” or 3/4”
trephine was used to make a burr hole through the skull just off the
midline of the cranium to expose the cerebral hemisphere. An avascular
area was selected and bipolar coagulating forceps were used to dissect out
the biopsy sample. The sample was approximately 1 cm x 1 cm (200-250
mg). Bleeding was controlled by using bipolar coagulation or by squirting
sterile hydrogen peroxide into the biopsy site. When all bleeding had
ceased, the area was flushed with saline and the dura was closed using 5-0
PDS suture (Ethicon Inc., Somerville, NJ). The bone plug removed by
trephination was replaced in the defect. The periosteum and temporal
muscle was pulled over the bone plug and sutured back in place with a 4—-0
Vicryl suture (Ethicon Inc.) Skin was closed in a continuous subcuticular
pattern.

Fatty Acyl Analyses of Brain Specimens and Retina

Approximately 100 mg of fresh brain specimens were kept on ice and
samples were homogenized in water (1 ml) using a ground glass handheld
homogenizer. Under red-lamp conditions, the entire retina from the right
eye was removed and homogenized in water (1 ml). An internal standard,
23:0 methyl ester, was added to the samples to quantify the absolute
amounts of the fatty acids, and the tissues were extracted using the Bligh
and Dyer total lipid extraction procedure (Bligh and Dyer, 1959). The
lipid extracts were transmethylated with BF; in methanol (14% w/v),
according to the procedure of Morrison and Smith (1961) for analysis by
gas chromatography (GC)-flame ionization detection according to a pre-
viously described method (Pawlosky and Salem, 1995).

Data Reduction and Statistical Analyses

The Student’s ¢ test was used to determine differences in implicit times
and amplitudes of the a- and b-wave in the ERGs at 2.5 and 5 years for
these groups. A p value of 0.05 or less was considered significant. Con-
centrations of the brain and retina fatty acids are expressed in weight
percent of the total fatty acids. Student’s ¢ test was used to determine
significant differences in the weight percent of the fatty acids as a result of
the dietary treatment and between groups at 2.5 and 5 years. A p value of
0.01 or less was considered to be significant.

RESULTS

Alcohol Consumption and General Health

Throughout the study, the general health of animals in
either group was considered good and did not appear to be
affected by the diet or diet-alcohol regimen. However,
animals receiving the sweetened-alcohol solution appeared
to show a strong preference for the containers that held the
alcohol solution, which indicated that the sweetened solu-
tion provided a strong reinforcement for consumption of
alcohol over the period of study. Animals consumed alco-
hol regularly over the 5-year period. The daily mean alco-
hol intake was 2.6 g/kg per day (range, 1.8—4.6 g/kg per
day) or approximately 24% of the total daily calories
(range, 16—42%). Peak BAC levels (18-30 mmol/L or
82-135 mg/dL) occurred approximately 2 hr after animals
consumed between 180 and 250 ml of the alcohol solution.
Food intake was monitored daily and animals in both
groups generally consumed their daily food rations. Al-
though, alcohol-consuming animals had an apparent
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Fig. 1. Representative electroretinograms at full luminescence (16 cd) taken from dark-adapted rhesus monkeys after animals had been maintained on a low n-3

fatty acid diet or low n-3 fatty acid diet and alcohol regimen for 5 y.

greater caloric intake than the controls, this did not appear
to have any clear positive effect on their body weights
(Pawlosky et al., 1997b).

ERG Results

Typical and characteristic examples of the ERGs from a
dark-adapted dietary control and an alcohol-treated mon-
key at 5 years using red LEDs at full-field luminescence are
shown in Fig. 1. When interpreting the ERG results, it
should be understood that red LEDs tend to elicit more
cone than rod response compared with a full-field white
light flash stimulus (Hogg, 1991). The ERG responses in
each individual animal at 2.5 years were similar to those
obtained at 5 years, indicating low intrasubject variability at
these time points. Since no attempt was made to determine
the effects of the dietary regimen alone on the ERGs, it was
assumed that the differences between these groups resulted
from an alcohol-diet interaction.

The alcohol-treated animals had significant increases in
a- and b-wave latencies compared with the control animals

at both the 2.5 and 5 year intervals (Table 2). Moreover,
animals in the alcohol group tended to have lower b-wave
amplitudes compared with controls, which was significant
at 5 years. However, there were no significant differences in
the a-wave amplitudes between these groups at either time
point. As there were similar values in the implicit times and
amplitudes in animals from the alcohol group at 2.5 and 5
years, this suggested that the main impact of the chronic
alcohol consumption on the ERGs occurred prior to 2.5
years and thereafter remained unabated.

Fatty Acyl Composition of the Brain Specimens and Retina

Effects of Diet. During the course of the 5-year study, the
low n-3 fatty acid diet was found to have a major influence
on the fatty acyl composition of the brain in the control
animals (Table 3). At 2.5 years, there was a significant
decrease in DHA (from 14.0 to 11.4 wt%, equivalent to a
18% decrease) and an increase in DPAn-6 (from 1.1 to 3.8
wt%, or a 250% increase) in animals maintained on the
control diet relative to baseline values (Table 3). At S years,
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Table 2. Electroretinogram Determinations From Rhesus Monkeys After Being Maintained for 2.5 and 5 Years on a Low n-3 Fatty Acid Diet (Control) or Diet
Together With Self-Administered Alcohol Consumption (Alcohol)

25y
a-wave b-wave
Implicit time Amplitude Implicit time Amplitude
msec SD uvolts SD msec SD uvolts SD
Control 13.1 1.1 14.0 3.2 36.5 1.4 77.2 13.7
Alcohol 16.22 0.5 10.6 2.8 42.4° 1.8 44.3 8.2
Sy
a-wave b-wave
Implicit time Amplitude Implicit time Amplitude
msec SD uvolts SD msec SD uvolts SD
Control 13.3 1.1 12.3 3.9 39.3 1.4 69.6 8.1
Alcohol 16.72 0.5 9.5 2.6 43.9° 0.8 39.4° 6.2

The values are reported in milliseconds for implicit time determinations and pvolts for peak amplitudes for a- and b-wave components of the ERG.

2 Significantly different from controls, p < 0.01 (Student’s t test).
b Significantly different from controls, p < 0.05 (Student’s t test).

Table 3. Fatty Acyl Composition of Tissues Obtained From Rhesus Monkeys That had Been Maintained on a Low n-3 Fatty Acid Diet or a Low n-3 Fatty Acid
Diet for2.5yand 5y

Cortex Baseline Cortex control Cortex alcohol

Cortex control Cortex alcohol Retina control Retina alcohol

Fatty acid y SD 25y SD 25y SD 5y SD 5y SD 5y SD 5y SD
14:0 0.5 0.2 0.6 0.1 0.5 0.0 0.7 0.0 0.5 0.0 0.7 0.1 0.59 0.1
16:0 18.5 0.6 19.0 0.8 18.8 1.4 19.3 0.3 18.7 1.6 17.2 0.9 19.2¢4 0.8
16:1 1.1 0.8 1.1 0.3 1.6 0.3 0.5 0.1 0.5 0.1 0.4 0.1 0.6 0.2
18:0 20.4 1.0 20.7 0.5 20.6 0.2 19.9 0.8 19.7 1.4 17.8 1.0 17.5 1.1
18:1n-9 12.2 0.9 12.02 0.3 10.7° 0.4 13.1 1.2 13.0 1.0 16.2 0.9 15.6 1.2
18:1n-7 4.2 0.3 4.4 0.2 4.4 0.5 4.8 0.1 5.1 0.2 3.3 0.2 3.8 0.4
20:0 0.2 0.0 0.2 0.0 0.2 0.0 0.2 0.1 0.2 0.0 1.0 0.1 0.8 0.0
20:1n-9 0.4 0.2 0.4 0.1 0.3 0.1 0.6 0.2 0.6 0.3 0.3 0.0 0.4 0.1
20:3n-9 0.2 0.0 0.6 0.2 0.6 0.1 0.5 0.1 0.6 0.2 0.6 0.1 0.29 0.0
22:0 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.2 0.1 1.2 0.1 0.49 0.0
24:0 0.7 0.3 0.5 0.1 0.5 0.2 0.6 0.1 0.9 0.5 1.0 0.1 0.3 0.1
24:1 2.0 0.9 2.0 0.4 1.0 0.5 2.3 0.5 25 1.5 2.7 0.3 0.5¢ 0.1
n-6 fatty acids

18:2 0.7 0.1 0.4 0.0 0.5 0.0 0.5 0.2 0.4 0.1 3.0 0.7 1.4 0.2
20:2 ND - 0.2 0.1 0.2 0.1 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0
20:3 0.7 0.1 0.6 0.1 0.6 0.0 0.8 0.3 0.8 0.2 1.2 0.2 1.4 0.1
20:4 6.9 0.5 6.9 0.3 7.1 0.3 6.9 0.2 6.6 0.9 14.2 0.3 11.2d 1.2
22:2 0.4 0.2 0.6 0.1 0.4 0.1 0.5 0.2 0.8 0.1 0.2 - ND -

22:4 4.2 0.2 41 0.2 4.2 0.1 3.8 0.5 4.2 0.4 1.8 0.1 2.0 0.3
22:5 1.1 0.2 3.82 0.5 5.7° 0.8 6.4 0.7 6.1 1.7 2.3 0.2 4.49 1.2

n-3 fatty acids

20:5 0.3 0.1 0.3 0.1 0.2 0.1 0.2 0.0 ND - 0.3 0.2 0.6 0.3
22:5 0.2 0.1 ND - 0.1 0.0 0.2 0.1 0.1 0.0 0.6 0.1 0.3 0.0
22:6 13.9 0.2 11.32 0.8 9.5 0.3 9.4 1.5 7.1° 0.7 14.5 0.9 9.29 1.6

Brain specimens were obtained by surgical biopsy at baseline (prior to low n-3 fatty acid diet) and at 2.5 y. Retinas were obtained at 5 years after beginning the

study. The values are reported in weight percent of the fatty acid.

a Student’s t test; significantly different BL vs control 2.5y, (p < 0.01); ® significantly different control vs alcohol (p < 0.01); € significantly different control vs alcohol,

(p < 0.01); 9 significantly different control vs alcohol, p < 0.01; ND: not detected.

there was a further decrease in DHA (to 9.4 wt%, a 33%
decrease from baseline values) and nearly a 400% increase
in DPAn-6 (to 6.4 wt%). There was very little change in the
proportion of any other n-6 fatty acid at either of the two
intervals compared with baseline values (Fig. 2). As it is
known that mammals are capable of synthesizing long-
chain (22- and 24-carbon) polyunsaturated fatty acids in
neural tissue (Delton-Vandenbrouke et al., 1997; Pawlosky
et al., 1994,1996), the selectivity for DPAn-6 may be the
result of preferential in regio biosynthesis rather than an
increased uptake into the brain of this fatty acid.

Effects of Diet and Alcohol Interaction. The effect of 2.5

years of alcohol consumption on the fatty acyl composition
of the brain resulted in marked decreases in the percentage
of DHA and increases in DPAn-6 compared with control
animals (Table 3). There was a 16% decrease in DHA in
the brains of alcohol-treated animals compared with con-
trols at this time point (control, 11.4 wt%; alcohol, 9.5
wt%). Similarly, in the brains of animals from the alcohol
group, there was an approximately 50% increase in
DPAn-6 (control, 3.8 wt%; alcohol, 5.7 wt%). Other than a
small change (-10%) observed in the level of the fatty acid,
18:1n-9, 18:1n-9 in the alcohol-exposed animals, there were
no other notable differences in the fatty acyl distributions at
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2.5 years. At 5 years, the percentage of DHA in the brains
of animals from the alcohol group had decreased by about
25% compared with values observed at 2.5 years, and this
value was about 75% of that in the controls. In contrast, the
proportion of DPAn-6 was similar in both groups (control,
6.4 wt%; alcohol, 6.1 wt%) at 5 years, indicating that that
the reciprocal change in the concentration of this fatty acid
no longer adequately compensated for the loss of DHA.

There was broader variation in the comparisons of the
fatty acyl composition of the retinas in animals from
these groups compared with the brain determinations
(Table 3). This might possibly reflect a greater dynamic
state of flux in the composition of the membrane phos-
pholipids of the retina, which is consistent with the
constant renewal of outer disk membranes of the rod and
cone cells. In the retinas of the alcohol-exposed animals
there were lower percentages (-18%) of linoleic acid
(control, 3 wt%; alcohol, 1.4 wt%) and (-21%) arachi-
donic acid (control, 14.2 wt%; alcohol, 11.2 wt%) but a
higher percentage (90%) of DPAn-6 (control, 2.3 wt%;
alcohol, 4.4 wt%). The effect of the low n-3 fatty acid
diet on the DHA content of the retina of animals in the
control group (14.5 wt%) was apparent because these
values, when compared with values that have been re-
ported for many species, appear below normal (Salem,
1989). In the retinas of alcohol-exposed animals, the
percentage of DHA was about 65% of that found in the
controls at 5 years (control, 14.5 wt%:; alcohol, 9.2 wt%).
There were also notable decreases in plasma (-70%) and
erythrocyte membranes (-50%) of animals that con-
sumed alcohol compared with controls (Pawlosky and
Salem, 1999). This suggests that the concentration of
docosahexaenolic acid (22:6n-3) these tissues may be a
useful indicator of an alcohol-induced n-3 fatty acid
deficiency in humans.
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Fig. 2. Bar graph depicting the highly un-
saturated fatty acids from brain specimens
obtained from rhesus monkeys at baseline,
and at 2.5 and 5 y after beginning a low n-3
fatty acid diet and/or alcohol-diet regimen.

22:6n-3

DISCUSSION

Although it has been a longheld view that the syndrome
known as alcohol amblyopia is associated with specific
nutritional deficiencies (Carroll, 1944,1966; Dreyfus, 1965;
Victor and Dreyfus 1965; Woon et al., 1995), other inves-
tigators have suggested that chronic alcohol consumption
alone may be a direct cause of this pathology (Krumsiek et
al., 1985a,b). Several therapeutic regimens have focused on
administering B-vitamin complexes (thiamine, riboflavin,
pyridoxine, and hydroxycobalamin) (Carroll, 1966; Dreyfus,
1965) or folic acid (Dang, 1981) supplements to patients.
Administration of these interventions to amblyopic patients
is consistent with the view that chronic alcohol consump-
tion may depress the supply of S-adenosyl-methionine to
nervous tissue and thereby inhibit neurotransmission pro-
cesses (Dang, 1981). Despite the positive effects that these
therapies have had on the visual outcomes of patients, the
etiology of this pathology remains unknown (Dang, 1981;
Krumsiek et al., 1985a,b). Further, ERG analyses of am-
blyopic patients have suggested that the early events in the
visual transduction processes may be compromised by
chronic exposure to ethanol (Hennekes, 1982; van Lith and
Henkes, 1979; Williams, 1981).

In the present study, rhesus monkeys that were main-
tained on a nutritiously sufficient diet yet had very low
levels of a-linolenic acid and had been regularly consuming
alcohol over a period of 5 years were found to have alter-
ations in the ERG similar to those reported in patients
diagnosed with alcoholic amblyopia (Hennekes, 1982; van
Lith and Henkes, 1979; Williams, 1981) and other subjects
with alcohol-related visual abnormalities (Hug et al., 2000;
Katz and Fox, 1991). The alcohol-exposed animals had
longer a- and b-wave implicit times and depressed b-wave
amplitudes compared with dietary control animals at 2.5
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and 5 years. It was theorized that the alterations in the
ERGs may be related to the chronic effects of alcohol
metabolism on the generation of lipid peroxides in the
retina and decreases in the polyunsaturated fatty acid con-
tent of the photoreceptor cells.

In our previous investigations, chronic alcohol consump-
tion was associated with greatly elevated concentrations of
the isoprostane, PGF2«, and 4-hydroxynonenal in the
plasma of these same rhesus monkeys (Pawlosky et al.,
1997a,b; Pawlosky and Salem, 1999) and in the brains of
felines (Pawlosky et al., 1998). In the latter case, this may
have been the result of ethanol metabolism by P-450 en-
zymes in neural tissues (Hansson et al., 1990; Nordmann et
al., 1992; Upadhya et al., 2000; Warner and Gustafsson,
1994). The hydroxy-aldehydes that are generated in this
way have been shown to affect a variety of neural processes,
including the coupling of cell-surface receptors to GTP-
binding proteins, analogous to processes that are involved
in visual transduction sequences subsequent to rhodopsin
activation (Mattson, 1998). Moreover, there is increasing
evidence that oxygen-derived free radicals are being impli-
cated in diseases of the retina (Anderson et al., 1985;
Goss-Sampson et al., 1998; Handelman and Dratz, 1986).
An increase in lipid hydroperoxides has been associated
with a loss of regenerability of rhodopsin in vitro (Ander-
son et al., 1985) and, in rodents, a vitamin E deficiency
induced losses of long-chain polyunsaturated fatty acids in
the membranes of photoreceptor cells, which was associ-
ated with depressed a- and b-wave amplitudes and delayed
latencies (Goss-Sampson et al., 1998).

Alcohol consumption has also been shown to decrease
the concentration of DHA in the brains and retinas of
felines maintained on well-controlled diets. The results
reported here confirm our findings in felines that con-
sumed alcohol for 6 months (Pawlosky and Salem, 1995). In
conjunction with the loss of DHA, there occurred signifi-
cant increases in the concentrations of DPAn-6. The near
reciprocal change in the concentrations of DHA and
DPAn-6 has also been observed in animals that are main-
tained on n-3 fatty acid deficient diets (Galli et al., 1977;
Moriguchi et al., 2000; Pawlosky et al., 1997a; Salem, 1989).

The factors influencing the ERG outcome in the present
study may be rationalized based on the effects that lipid
peroxidation and the loss of DHA have on the function of
rhodopsin in the photoreceptor cells. Rhodopsin, the trans-
membrane photo pigment, is sensitive to light through the
interaction that occurs between a photon and 11-cis retinal.
As a result of the photochemical reaction, the protein
conformation is altered (rhodopsin undergoes a conforma-
tional change from MI to MII), initiating the sequence in
the visual transduction process. It is interesting to note that
the direct effect of ethanol on reducing the transition en-
ergy from MI to MII appears to contrast with the observa-
tions reported here on its chronic effects (Mitchell et al.,
1996; Mitchell and Litman, 2000).

An alcohol-induced increase in lipid peroxides may di-
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minish the photoreceptor function through a decrease in
the regeneration of rhodopsin (Anderson et al., 1985) and
through an inhibition in processes related to the photo-
transduction cascade (Mattson, 1998). The activity of rho-
dopsin is also known to be sensitive to the polyunsaturated
fatty acid environment of the photoreceptor outer disk
membranes (Goss-Sampson et al., 1998; Litman and Mitch-
ell, 1996). Low amounts of DHA in these membranes have
been associated with a decrease in rhodopsin function,
which may have a direct impact on a-wave parameters and
subsequently affect the b-wave outcome. Because, in this
study, alcohol consumption had more pronounced effects
on b-wave parameters compared with the a-wave, it is likely
that signal transduction processes involving inner retinal
neurons may also have been adversely affected by the
chronic exposure to ethanol. Thus, the effects of chronic
alcohol consumption on visual transduction processes ini-
tiated in the retinal photoreceptors may be mediated by an
increase in lipid peroxidation and a loss of DHA-containing
phospholipids. Although no measurement of alcohol-
induced lipid peroxidation was made in the retinas of these
animals, there is evidence from previous determinations in
this same group of animals that chronic alcohol consump-
tion increased the levels of lipid peroxidation products
systemically over this S-year period (Pawlosky et al.,
1997a,b; Pawlosky and Salem, 1999). In summary, evidence
from this study demonstrated that monkeys that were main-
tained on a low n-3 fatty acid diet had significant decreases
in DHA in the brains at 2.5 and 5 years compared with
baseline values. Moreover, alcohol was found to have a
negative impact on the percentage of DHA in both the
brain and retina. Animals that were consuming alcohol had
increases in a- and b-wave implicit times and depressed
b-wave amplitudes compared with controls on the same
diet. Although, it was not possible in these animals to
correlate the ERG findings to psychophysical components
of vision (e.g., acuity determinations), it is notable that
diminished retinal function in amblyopic patients was asso-
ciated with other negative visual outcome parameters (Wil-
liams, 1984). It is hypothesized that the metabolism of
ethanol in neural tissues and in the retina altered the fatty
acyl composition of tissues and increased lipid peroxida-
tion, which may be associated with diminished retinal func-
tion. The present study suggests that some alcohol abusers
who have visual abnormalities, which include alterations in
the ERG, may also have an insufficient intake of n-3 fatty
acids. This, in turn, suggests that therapeutic measures
designed for countermanding the effects of amblyopia
should also include an analysis of the n-3 fatty acid status of
the patient.
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